A briefsurvey ofthe application ofhigh-resolution proton andcarbon-13 n.m.r. spectroscopy for the investigation of the molecular conformations in proteins is presented. The first part of the paper recounts some basic relationships between structure and conformations of proteins and their n.m .r. spectral properties. These are then illustrated with recent experiments induding studies of thc basic pancreatic trypsin inhibitor, cytochrome b 5 and b 2 and isolated heme groups.
INTRODUCTION
In favourable cases high-resolution n.m.r. spectroscopy can yield data on the molecular conformations in biopolymers, in particular peptides and proteins, which would otherwise be accessible only by singlc crystal x-ray studies. It is a particular advantage of the n.m.r. method that the application of a magnetic field and irradiation in the radiofrequency range appear to cause only very small perturbations in biological systems, and tbat proteins can in principle be studied under near-physiological conditions of solvent and temperature. Whereas these potential advantages of n.m.r. for biological research bad long been anticipated 1 , experimental realization became attractive only during the last few years when superconducting magnets and the Fourier transform technique 2 were introduced into commercial spectrometers. In this paper some basic relationships between molecular structure and n.m.r. spectral properties of proteins are illustrated with recent data obtained from 1 H n.m.r. experiments at 220 MHz and Fourier transform 1 3 C n.m.r. studies at 25· 14 MHz.
GENERAL ASPECTS
The covalent structure of peptides and proteins consists of a linear array of amino acid residues which are linked by peptide bonds. This is schematically shown in Figure 1 . There are twenty common amino acids with different side chains R on tbe rx-carbon atom, wbicb are either alipbatic bydrocarbons, or carry various functional groups including different aromatic rings. The amino acid sequences have been determined by chemical methods for a large number ofpeptides and proteins. For any given amino acid sequence a large number of three-dimensional molecular conformations can in principle be formed by variation of tbe torsion angles about the single bonds 3 . Since 235 shows the 1 H n.m.r. spectrum of the cyclic pentapeptide cyclo-Glycyl-Lalanyl-glycyl-glycyl-L-prolyl4. In a solution in dimethyl sulphoxide at ambient temperature there are two different conformations oftbis peptide, the relative concentrations being approximately 2:1. The n.m.r. spectra of these two species can readily be recognized in the experimental spectrum Figure 2 I , and have been individually simulated in Figure 2 , M and m. As is quite generally possible in peptides of this size, the resonances between -1 and -5 ppm, which correspond to the protons bound to carbon atoms, could be individually assigned to the different types of amino acid residues. In this spectral region the relative chemical shifts between corresponding resonances in the species M and m are mostly ofthe order 0.1 ppm, andin no case exceed 0.5 ppm 4 .The manifestation of the different molecular conformations is more pronounced in the chemical shift differences of the amide proton resonances between -6 and -9 ppm, and in their dependence upon temperature. These marked differences come from the formation of different transannular hydrogen bonds in the two conformations M and m, which shield different amide protons from interactions with the solvent. Additional data on the two types of peptide conformations come from the spin-spin coupling constants between the amide and C 7 -protons (Figure l) .which are related to thc torsion angles about thc N-C 7 bonds by a Karplus-type relationship 5 . Figure 3 shows that the two Knowledge of the n.m.r. spectral properlies of the individual amino acid residues, obtained from studies of small peptides, is essential for the investigation of proteins, which consist typically of polypeptide chains with one to several hundred amino acid residues. In molecules of this size, the 1 H and 237 13 C n.m.r. spectra are rather poorly resolved even at the highest presently available magnetic fields. A spectral analysis based on the observation of the polypeptide backhone resonances, as in the cyclic peptide mentioned above, is then no Ionger possible. lnstead one has to Iook for particular spectral features which may arise from the close proximity of certain amino acid side chains in the globular native conformations of the proteins. This is illustrated by the 1 H n.m.r. spectra ofthe basic pancreatic trypsin inhibitor in Figure 4 7 .
(c) The trypsin inhibitor is a small protein which consists of one polypeptide chain with 58 amino acid residues. A hypothetical spectrum (Figure 4c ) ofthe molecule in a solution in D 2 0, where all the exchangeable protons would bc replaced by deuterium, bad been computed with the assumption that the resonances ofthe amino acid side chains in the protein are identical with those observed in the individual amino acids. In the spectral regions from 0 to -3 and -6 to -8 ppm, where the amino acid side chain resonances occur, this hypothetical spectrum is quite similar to that of the denatured protein in Figure 4b . On the other band, the spectrum of the natiye form of the protein in Figure 4a is rather markedly different. In particular, there appear resolved resonances at 0 ppm, between -5 and -6 ppm, and between -7 and -11 ppm. Figure 5 shows that a corresponding hypothetical 13 C n.m.r. spectrum of the trypsin inhibitor (Figure 5b ) corresponds again quite closely tothat observed for the denatured protein (Figure 5c In the biologically functional native conformations of globular proteins the polypeptide chains are uniquely arranged in space, as illustrated in Figure 6 for myoglobin 9 . Many of the interior parts of these structures are not accessible to the solvent. This is clearly evidenced in the trypsin inhibitor, where approximately 15 amide protons, which can be observed between -7.5 and -11 ppm in Figure 4a , are only very slowly exchanged in 0 2 0
7
. On the other hanq, there are numerous close contacts even between amino acid side chains which may be far apart in the primary structure. Hence many of the amino acids are in unique environments in the native protein, and this is in turn manifested in uniq ue n.m.r. chemical shifts That this is actually so can be readily seen in the spectral regions from -1 to -5, and from -6 to -8 ppm of the proton n.m.r. spectra of the trypsin inhibitor (Figure 4 ). However, with the limited spectral resolution obtained for macromolecules, most of the spectral interpretations have so far been concentrated on a relatively small nurober of resonances which would be particularly strongly affected by the molecular conformations. In numerous proton n.m.r. studies, the spectral features arising from the anisotropic diamagnetic susceptibility in aromatic rings have been particularly useful 10 · 11 . Aromatic rings occur in amino acid side chains andin the prosthetic groups of certain conjugated proteins, where the heme group of myoglobin in Figure 6 is a typical example. As is schematically shown in Figure 7 , the resonances of the nuclei located near an aromatic ring, can be shifted upfield or downfield by the local ring current field. F or a given ring these ring current shifts depend on the relative positions of the observed protons and the aromatic group, and hence are sensitive to changes of the protein conformation. Ring current shifts due to the aromatic amino acids phenylalanin, tyrosine and tryptophan can be as large as 2 pprn 1 0 , and considerably larger shifts can arise from the proximity to certain prosthetic groups 1 1 .As will be i11ustrated below by some experiments with cytochromes, In some proteins individual resonances of hystidyt1 3 and tryptophanytl 4 residues could also be identified from their dependence on the solvent, and then used for studies of biological problems. In paramagnetic proteins, the resonances of amino acid residues located near the paramagnetic centre can be considerably shifted by dipole-dipole coupling. These pseudo-contact shifts depend strongly on the molecular conformation, and can thus also serve as probes for the investigation of the protein structure 15 . Overall one can say that the regions in the proteins which have so far been accessible to more detailed 1 H n.m.r. studies are often found to be essential for the biological function of the molecule. For example. aromatic amino acids and prosthetic groups are located in the active sites of numerous globular proteins. 13 C n.m.r. studies of macromolecules have only more recently become practical, and so far rather few detailed analyses of the chemical shifts in proteins have been presented. On the other band, studies of the 13 C spinlattice relaxation times have provided very interesting data on the segmental motions of native and denatured proteins 16 . 1 3 C spin relaxation studies appear to be a suitable method for the investigation of molecular dynamics also in more complex biological material, e.g. in biological membranes
.
1 H n.m.r. studies of cytochromes b 5 and b 2 Cytochrome b 5 is a hemoprotein found in the microsomal fraction of liver tissue homogenates. In its biological function it appears to be an electron transport protein 18 . The cytochrome b 5 used for these studies. has a molecular weight of ca. 12 000, and consists of one polypeptide chain with 93 amino acid residues and one protoheme IX group ( Fiqure 11 ). The amino acid sequence and the molecular conformation in single crystals ofthe protein are known
The proton n.m.r. spectrum of the diamagnetic reduced cytochrome b 5 is shown in Figure 8 . Outside the spectral region from 0 to -10 ppm. which contains the bulk of tbe resonances, there are five methyl resonances at 1 .3. 1. 1. The spectral region from ~ 4 to -6 ppm, which contain" the rc..;onance of HDO and its spinning sidcbands. has been omittcd. The spectral regions from -I to 3 ppm, and from -6 to --I 0 ppm are also shown on an expanded scale 0. 7, 0.7 and 0.5 ppm. From a comparison with a spectrum computed with the single crystal atomic coordinates and with empirical values for the ring current fields in the different aromatic rings, it could be shown that four of these resonances correspond to methyl groups of aliphatic amino acid side chains located near the heme group 2~ The line at 1. I ppm corresponds to an aliphatic methyl group located near the only tryptophanyl residue in the molecule. Thc comparison of the experimental spectrum with that computed from the x-ray data led also to the conclusion that the molecular conformations of ferrocytochrome b 5 in single crystals and in solution are quite similar.
The spectrum ofthe oxidized cytochrome b 5 in Figure 9 contains more than 25 resolved resonance lines in the spectral regions from -10 to -30 and 0 to 1 0 ppm. lt could be shown that most of these unusual resonance positions come from interactions with the unpaired electron of the low-spin ferric heme iron ( high-field resonances correspond to protons of the heme group (Figure 1 1) , which will be further discussed below. A line at 1.2 ppm corresponds to the methyl group near the indole ring of tryptophan which had already been observed in the reduced protein. Eight methyl resonances at high field from 0 ppm were found to come from amino acids near the heme group, which are shifted to high field by dipole--dipole coupling with the electron spin. From the single crystal atomic coordinates 19 and the available data on the electronic g-tensor 2 1 , these resonances were assigned to specific amino acid residues. The resonance assignments in the high-field regions of reduced and oxidized cytochrome b 5 are summarized in Figure 10 20 L 46
exp. range ".. 1 3 C n.m.r. studies of the electronic states in paramagnetic heme groups Spectral interpretations. of the type discussed in the foregoing section, depend to a great extent on the availability of accurate data on the local magnetic fields in the constituent groups of the protein. In this context, additional investigations of the electronic states of the heme groups in hemoproteins are needed 15 . These experiments should further provide additional data for sturlies of the relationships between the electronic structures of the hemes and the biological rotes of the hemoproteins
